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ANALYSIS OF SELECTED OPPORTUNITIES 
FOR MANUFACTURING IN SPACE
B. W. WAHL
McDonnell Douglas Astronautics Company--Western Division 
Huntington Beach, California
SUMMARY
In this paper, four selected subject areas will 
be discussed which may be promising for manu­ 
facturing in space. In three of these areas, the 
opportunity arises mainly from the absence of a 
gravitational field, while in the fourth area advan­ 
tage may be taken of the prevailing hard vacuum. 
The discussed line items are as follows:
1. Crystal growth and refinement.
Z. Manufacture of perfectly shaped bodies.
3. Preparation of homogeneous mixtures 
and suspensions.
4. Ultrapurification of refractory metals in 
a vacuum.
It is generally concluded in this document 
that in spite of numerous technical uncertainties 
confronting the experimenter, it still may be a 
promising field of future space activities which 
deserves more general attention.
INTRODUCTION
The unique characteristics of space may 
offer an environment that can be exploited to 
fabricate materials or products that are not 
attainable in the terrestrial environment. These 
characteristics include vacuum, gravity-level 
control, low noise and vibration level, clean 
environment, natural solar radiation spectrum 
and an attenuation-free medium, and essentially 
unlimited volume. Singly, each of these charac­ 
teristics is, in principle, attainable on Earth, 
with the exception of the zero-g condition, and 
even the effects of gravity may be circumvented 
in a limited sense. In space, however, it 
becomes possible to obtain an environment that 
possesses some or all of these characteristics. 
This situation offers a broad range of opportunities 
that might be exploited for manufacturing in space.
Opportunities to conduct commercially advan­ 
tageous manufacturing activities in space may be 
anticipated as space capabilities become increas­ 
ingly well developed, especially in at least three 
general ways:
1. Reliable operation of large-payload 
launch vehicles, capable of orbiting payloads 
upward to ZOO, 000 Ib in low-Earth orbit and join­ 
ing separate payloads in orbit.
Z. Development of techniques to dramatic­ 
ally reduce the unit costs of placing payloads in 
orbit.
3. Emergence of an operationally useful 
capability for man in orbit.
Satellites have already made inroads into 
several areas of commercial activity. The suc­ 
cess of communication and weather satellites is 
well known, and advanced studies have indicated
the advantages of surveying our Earth resources 
from satellites and have shown the utility of sat­ 
ellites as accurate navigational aids for ships and 
aircraft. Projecting into the foreseeable future, 
manufacturing would appear to be one of the ulti­ 
mate steps in the sequence of advancing commer­ 
cial activity in space.
Properties of the Orbital Space Environment 
Compared to Earth-Based Laboratory 
Capabilities
The most attractive properties of the orbital 
environment appear to be the almost unlimited 
volume of hard vacuum and the negligible gravity 
forces (10-6 to -10~14 g) acting on an orbiting 
vehicle. In addition, it may be of importance that 
these properties are available in an environment 
of comparatively low temperature. The prevailing 
vacuum pressure at 1 A.U. from the sun amounts 
to approximately 10-13 torr, while the hardest 
vacuum attainable in ground-based laboratories 
by fully exploiting today's technology is not much 
better than 10-I 2 torr. 1
It is common knowledge that a near-zero-g 
environment can be, in principle, briefly simu­ 
lated close to Earth either by use of drop towers 
or by taking advantage of suitable "free-fall" air­ 
craft trajectories. Observation time, however, 
is limited to a few seconds in the case of drop 
towers and to a few minutes, at most, in airborne 
experiments. Such observation times are, how­ 
ever, grossly inadequate to simulate and evaluate 
the influence of zero-g conditions for most experi­ 
ments concerned with space manufacturing. In 
this and other respects, the real space environ­ 
ment is naturally far superior. Only in regard to 
achieving low temperatures, does the Earth-bound 
laboratory's capability seem more impressive 
than what can be naturally attained in space. By 
use of such advanced techniques, as taking advan­ 
tage of the magnetocaloric effect, temperature 
levels in an Earth-bound laboratory have been 
reached which are only small fractions of a 
degree above absolute zero, while even the dark­ 
est parts of the surrounding universe still radiate 
like a blackbody of at least 3°K.
A simple parametric comparison of environ­ 
mental conditions which can be obtained in space 
on the one hand and in the laboratory on the other 
• may, however, be somewhat misleading. Labo­ 
ratory experiments planned in an effort to reach 
new, hitherto unattainable, extreme conditions 
generally require great sophistication. Often, a 
slight improvement in one respect requires 
severe sacrifices in other respects. For 
example, in vacuum technology, meticulous 
standards of cleanliness generally have to be 
maintained on Earth to achieve an extremely hard 
vacuum. In another instance, it might be that, in 
an effort to reach extremely low temperatures, 
the available test volume would have to be kept 
impractically small. Therefore, all pertinent 
factors have to be objectively considered in 




The approach taken in this document is to 
treat the selected technical processes in a rather 
fundamental way and to describe specific features 
when these may be of critical importance. Where 
possible, the underlying physical principles have 
been identified. Experimental detail is discussed 
in cases where potential technical difficulties may 
be anticipated and where no adequate theoretical 
understanding is yet available.
Specifically, in this study selected answers are 
sought to the following two broad questions: 
Which physical or technological processes are 
largely influenced by the action of gravity forces 
and could potentially benefit from a space envi­ 
ronment? Which manufacturing processes could 
benefit from extremely rigid cleanliness stand­ 
ards or large volumes of hard vacuum?
Economical Outlook of Space Manufacturing
Wherever the opportunities of space manu­ 
facturing are discussed, one principal question 
raised is that of economical feasibility. In con­ 
sidering present-day costs of sending a pound of 
payload into an Earth orbit, one is tempted to 
jump immediately to the conclusion that space 
manufacturing expenses are by nature prohibi­ 
tively high. Therefore, the argument goes, if the 
area is not economically attractive why bother to 
look at it?
However, there are good reasons for taking 
space manufacturing somewhat more seriously. 
Expenses may be high, but not necessarily 
prohibitive.
With the availability of such launch vehicles 
as Saturn IB and Saturn V, huge payload capabili­ 
ties can be provided. The introduction of larger, 
more efficient launch vehicles and continuous 
improvement and uprating of present-generation 
vehicles may finally bring the payload costs for 
Earth-orbiting vehicles down to economically 
attractive levels. Delivery costs to an Earth 
orbit for a typical late-generation vehicle of large 
size are presently of the order of $l,000/lb. 2 
Launch costs may drop to approximately $300/lb 
by 1975. This compares with a price of gold 
of approximately $600/lb, which brings the 
launch costs into the vicinity of the price of some 
medium-priced materials. Many exotic items 
command a much higher price per pound than 
gold. Naturally, inferences from such a compari­ 
son must be drawn with caution, but they do tend 
to suggest that launch costs are not necessarily 
the most serious limitation. Admittedly, launch 
costs alone represent only a partial assessment 
of the actual costs, which should also include 
laboratories, manufacturing, recovery, and 
others. At the present stage of development, 
meaningful estimates of actual space-product 
costs are very difficult, but long-range predica­ 
tions based on today's expectations seem to 
produce acceptable figures.
If available cost projections on reusable 
boosters are sufficiently realistic, transportation 
systems based on reusable boosters could finally 
bring down the unit space transportation costs to 
$50/lb or even less. A "surcharge" of $100/lb or 
even a conservative $1, 000/lb for products manu­ 
factured in space could be quite acceptable for a 
variety of expensive products (high-quality single 
crystals and semiconductors) if no other more
cost-effective production methods on Earth 
become, available.
Analytical Approach to Topics of Space 
Manufacturing
In identifying broad areas of space- 
manufacturing opportunities, it has been found 
helpful to compare predominant forms of energy, 
or equivalent forces, which are primarily respon­ 
sible for the occurrence of observable physical 
phenomena with simultaneously acting gravita­ 
tional forces or energies. If the influence of 
gravitation appears to be insignificant in compari­ 
son to other "formative" modes of energy (e. g. . 
surface tension, thermal energy, or cohesive 
energy), then in a stable condition the influence 
of gravitation as a first-order influence may be 
ignored and it may be concluded that absence of 
gravity in a space environment would not 
substantially influence the occurrence of ordi­ 
narily expected physical events. If, however, 
gravity forces turn out to be of a similar 
magnitude or even larger than apparently com­ 
peting forces which act on the system, then the 
effects of gravity have to be carefully studied 
from case to case.
In each individual example the concept 
depends on the specific analytical model, whether 
the ratios used are those of forces or those of 
corresponding energies. In principle, the ratios 
of energies or forces may be considered to have. 
equivalent effects upon a system that has reached 
a static condition, similar to the principle of 
virtual work.
Some dynamic phenomena, such as thermal 
convection currents and oscillatory movements 
of liquids, naturally cannot be analyzed in such 
an elementary manner. More detailed, some­ 
times qualitative, descriptions of phenomena 
must then be generated. Instead of an incomplete 
theory, sometimes experimental results are 
helpful to illustrate particular situations.
Line Items of Present Study
New products which could be manufactured 
only in space deserve the highest priority. 
Later, improved space -manufacturing techniques 
may be able to compete even with difficult Earth- 
bound manufacturing techniques, provided that 
the costs of space delivery and recovery by then 
will have reached acceptable levels.
In this report, four selected subject areas 
which may show promising potential for space- 
manufacturing are discussed. Manufacturing 
opportunities for all of these areas primarily 
depend on the absence of the gravitational field; 
the fourth area, in addition, takes advantage of 
the hard vacuum (that is, the ultracleanliness) of 
space. These areas of interest are:
1. Crystal Growth and Refinement in 
Zero-g--Growing and refining single crystals and 
vapor deposition on clean crystalline surfaces in 
a zero-g environment.
2. Manufacture of Perfectly-Shaped 
Bodies--Obtaining ideal shapes of deformable 
bodies in zero-g and resulting opportunities to 
manufacture bodies of perfect configuration, such 
as spheres and other minimum-surface-energy 
configurations.
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3. Preparation of Homogeneous Mixtures 
and Suspensions in Zero-g--Homogeneous 
suspension of high-density materials in tempo­ 
rarily molten matter of different density (in the 
absence, of gravity), such as metal spheres 
homogeneously imbedded in a plastic matrix or 
exotic composite materials like those created by 
composite casting.
4. Ultrapurification of Materials in a 
vacuum--Manufacturing of ultrapure matter and 
refinement of refractory metals in a vacuum.
Specific conclusions relating to these 
selected areas are presented at the end of the 
sections, in which they are discussed.
CRYSTAL GROWTH AND REFINEMENT IN ZERO GRAVITY
Since the advent of transistor and solid-state 
laser technology, crystal growth has become a 
very important and active subject of research. 
Growing crystals is, however, still widely con­ 
sidered an empirical art with low general predic- 
ability. In the past few years, however, the 
theoretical know-how has increased markedly, 
leading to a generally better understanding of 
phenomena influencing crystal growth. In turn, 
this improvement of knowledge paid off in 
improved capabilities to grown high-quality 
crystals.
Expectations of Potential Improvements of 
Properties of Crystals Grown in the Weightless 
State
At this early stage of investigation, optimism 
should be the guide in an effort to stimulate inter­ 
est in this quite promising but complex field. 
Preliminary investigation leads to the conclusion 
that the advantages derived from growing crystals 
out of melts in a zero-g environment or in a low-g 
environment could be in part quite significant.
In the ordinary 1-g environment, in the 
familiar Czochralsky method (Figure 1), in which 
a single crystal is drawn out of a melt, the seed 
crystal is barely able to pull a continuous mass of 
crystallizing material from the melt, subjecting 
the seed crystal and the surrounding newly 
attached solidified material to the danger of dis­ 
joining from the liquid phase. This "flowback" is 
the result of the downward pull of gravity, which 
for larger crystals quite easily may overcome the 
relatively small surface tension of the melt in the 
superheated condition. In order to sustain con­ 
tinued crystal growth from a melt, it appears 
necessary to prevent superheating (thus helping 
to maintain a higher surface tension) and to keep 
convective currents in the liquid phase at a low
level. Superheating, however, is difficult to 
avoid entirely. 3-6
A zero-g environment would most likely still 
permit a melt of desired configuration to be 
retained in a crucible if the container shape and 
material were chosen properly. The crystals 
could be pulled from the side, the bottom, or the 
top of the crucible or from several sides simul­ 
taneously. The main requirement would be that 
the surface tension of the molten matter be larger 
than the adhesive force acting along the circum­ 
ference of the hole.
Techniques and Problems Associated with Crystal 
Growing
It is well known that gravity is mainly 
responsible for the occurrence of convective cur­ 
rents in molten materials. The hotter parts of 
the melt are less dense than the cooler parts and 
exhibit a buoyancy in the field of gravity which 
tends to cause upward convection. It has been 
found in experiments that these somewhat irreg­ 
ular thermal convective currents contribute 
strongly to the observed undesirable irregulari­ 
ties (e. g. , striations) in single crystals. 5, 7
Temperature fluctuations on the order of 
30°C, caused by turbulent convection, have been 
observed in melts during crystal growth. Fre­ 
quency of fluctuations is on the order of 30 to 
60 cpm. 4, 7 Besides convection, the phenomenon 
of "overstability, "4 in which a synchronous cou­ 
pling of the conducted and the convected heat flows 
occur, may be partly responsible for the observed 
temperature fluctuations. These large tempera­ 
ture fluctuations cause corresponding irregular­ 
ities in the crystal growth rate. It has been 
shown4 that the amplitude of growth fluctuations 
is crudely proportional to the amplitude of the 
temperature fluctuations and inversely propor­ 
tional to the stagnant boundary layer thickness, 
but rather independent of the frequency of tem­ 
perature fluctuations. The boundary layer is 
basically the zone in which the melt solidifies. 
The pattern of growth fluctuations follows closely 
the temperature fluctuations.
Crystal growers have learned to reduce the 
size of growth fluctuation by applying one or 
several of the following methods: fluid baffling, 
a change in the mechanical or thermal environ­ 
ment, or application of a levitating magnetic 
field. One technique to better control the thermal 
environment is to heat the top of the crucible 
more strongly than the bottom and to use a radia­ 
tion shield above the crucible. The use of mag­ 
netic fields^j 7 may be a very effective means to 







It has been stated that the absence of rapid 
temperature fluctuations, on the order of 1°C or 
more in amplitude, is necessary for the elimina­ 
tion of bubbles and voids in ruby crystals, but 
meeting this condition is not always sufficient. 
At any rate, nearly all high-quality crystals to 
date have been grown from melts which exhibit 
low temperature fluctuations. Experience seems 
to indicate that- -at least in a normal-g environ­ 
ment-- the existence of a temperature gradient in 
the melt may be partly responsible for the follow­ 
ing undesirable phenomena:
1. Turbulent convection in the melt.
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2. Undesirable shapes of the isotherms and 
the growth interface geometry and the creation of 
grain boundaries.
3. Influence on transport processes in the 
diffuse layer of the growth interface.
4. Thermal stresses in the grown crystals 
arid resulting crystal imperfections.
The extension of the heat source around the 
melt-and the provision of radiative heating 
sources may be remedies for large temperature 
gradients in the melt.
A significant improvement in the quality of 
crystals grown from melts has been achieved^ by 
rapidly spinning the growing crystal around its 
major axis. This movement introduces a centrif­ 
ugal pumping effect which causes the melt to cir­ 
culate more evenly from the bottom to the top. 
This may seem surprising at first, in view of the 
earlier statement that a suppression of convection 
currents will improve the crystal quality. A pos­ 
sible explanation of this discrepancy is that the 
most detrimental factors to ideal crystal growth 
are rapid and erratic fluctuations of temperature 
and concentration in the melt. Any means to 
improve the thermal "homogeneity" of the melt, , 
either by preventing erratic circulation or by 
"smoothing" out local inhomogeneities, will for 
the most part improve the growth characteristics.
Free thermal convection in a normal-gravity 
environment may be described by a dimensionless 
parameter, the Rayleigh number R, "* which is 
defined as
R = I/ (1)
where
L = characteristic length (such as depth or 
diameter of container)
g = gravitational constant
(3 = coefficient of thermal volume expansion
p = density of liquid
AT = temperature difference between wall 
and the test point in the liquid
c = specific heat 
P
\j. = viscosity
k = coefficient of thermal conductivity
Laminar convection in a normal-gravity field 
sets in only at Rayleigh numbers exceeding a 
"no-convection" threshold value. Turbulent con­ 
vection takes place when the Rayleigh number 
reaches still higher critical values. Therefore, 
it is important to keep the Rayleigh number as 
low as possible.
High thermal conductivities, such as those in 
molten metals and semi-conductors, naturally 
yield relatively low Rayleigh numbers, which 
would indicate basically little tendency to produce 
turbulent convection even in a normal-g 
environment.
The buoyancy induced part of thermal con­
vection will naturally disappear in a zero-g 
environment. The physical reasons for the 
occurrence of another type of circulation, which 
may even persist under zero gravity, will be 
discussed in a later section.
Another familiar criterion to predict the 
occurrence of laminar or turbulent natural con­ 
vection in a melt is the Grasshof number, Gr, 




Thermal convection is laminar near a verti­ 
cal flat plate if 10 4 < Gr < 10 8 . Thermal con­ 
vection is turbulent near a vertical flat plate, if 
Gr > 108.
It has to be realized, however, that natural 
thermal convection is not the only potential 
source of imperfections in growing crystals. In 






5. Condensation and migration of vacancies.
6. Trapping of impurities.
Thus, conducting crystal growth experiments in 
zero gravity may result in an improvement of 
crystalline properties but may not be a complete 
cure of all potential imprefections.
Quality Standards of Crystals, Especially of Ruby 
Crystals
For a number of applications, single crystals 
of certain materials are not yet available in ade­ 
quate size or of the desirable degree of perfec­ 
tion. What are the properties of high-quality 
crystals? No attempt will be made to give a 
general definition of the properties of a "good" 
crystal. Specifically, it would be desirable to 
obtain relatively large crystals of high homoge­ 
neity and within a minimum of such imperfections 
as dislocations, twinning, and grain boundaries. 
The purpose for which the crystals will be 
used dictates the quality standards which the 
crystal must meet. Naturally, in laser tech­ 
nology the quality standards are optical in nature. 
In semiconductor technology, quality criteria are 
based mostly on the achievable uniformity of 
electrical conductive properties of the crystal.
In spite of significant improvement over the 
years, the art of crystal growing still leaves a 
lot to be desired. Needless to say, growing 
near-perfect crystals is the desire of most 
experimental crystal growers. Some of the fol­ 
lowing diagnostic methods are standards in 
determining the quality of ruby crystals. 5» 6 They 
are listed in order of increasing sensitivity:
1. Visual examination under polarized light 
and in the microscope.
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Z. Examination by Schlieren photography.
3. Application of the Schulz-Wei X-ray 
diffraction technique.
4. Use of the double-crystal X-ray 
spectrometer.
5. Chemical etching and counting of etch 
pits to determine dislocation densities.
By use of some of these methods, it can be 
shown that even quality ruby crystals contain at 
least microscopic flaws which have the appear­ 
ance of streaks or filaments. Examination with 
optical microscopes indicates that the streaks 
consist of large numbers of closely-spaced 
spheroids approximately 2 p. in diameter or 
smaller. Similar streaks or filaments have been 
observed in good-quality ruby rods which have 
been deformed in compression at 1,900°C. The 
streaks have been primarily observed in regions 
which underwent a large amount of plastic defor­ 
mation. Etching techniques reveal that many of 
the undesirable filaments terminate on subgrain 
boundaries.
Further quality improvements are both 
desirable and necessary and could be accom­ 
plished by reducing the material strain which, 
although caused mostly by thermal effects, 
during the solidification process is also partially 
induced by gravity. As was previously mentioned, 
first-order temperature fluctuations can be 
reduced by preventing turbulent convection, which 
is a gravity-dependent phenomena. Thus, a 
zero-g environment could act beneficially in at 
least two ways to improve crystal growth in 
quality ruby crystals. As far as semiconducting 
materials are concerned, the electrical losses 
increase at the grain boundaries as frequencies 
increase. Therefore, attempts are made to 
replace, at the higher frequencies, polycrystal- 
line materials by high-quality single-crystal 
material in sophisticated electronic devices. 
There is a similar tendency in the application of 
ferroelectric transducer material. ° It is obvious, 
then, that there is a need for further qualitative 
advances.
Pseudo-Convection in a Liquid or Melt by Bubbles
Most melts or heated liquids contain bubbles 
which may be attached to the bottom of the con­ 
tainer or to the walls, or which may float freely 
in the liquid. In addition to thermal currents, 
moving and expanding bubbles may be an addi­ 
tional source of convection currents in the melt. 
It is normally recognized that the most important 
force acting on the bubbles is their natural buoy­ 
ancy, which is proportional to the difference in 
specific weight between the vapor in the bubble 
and the surrounding liquid. In a zero-g environ­ 
ment, thermal convection would be expected to 
be completely arrested. Bubble-induced con­ 
vection, however will not disappear entirely 
because movement of the bubbles and the sur­ 
rounding liquid does not depend on gravity forces 
alone. Pertinent phenomena are discussed in 
detail in Appendix A; a short description will 
suffice here.
The most important force acting on bubbles, 
besides buoyancy, is probably the dynamic force 
which does not disappear in zero gravity. This 
force may even increase in a zero-g environ­ 
ment. 9~11 jn brief, an expanding bubble sets the 
liquid along its boundary in motion and the
momentum generated is transferred to the melt. 
The kinetic energy of the moving melt is finally 
consumed by internal friction. This phenomenon 
should be carefully studied, because bubbles in a 
zero-g environment grow larger and faster than 
in a 1-g environment as a result of the lack of 
surrounding hydrostatic pressure. They there­ 
fore displace more liquid, and the resulting 
dynamic force may be significant. In an effort 
to completely avoid convection, it is necessary 
to find means to entirely suppress bubbling in 
the melt.
Bubbles may also be moved by virtue of local 
variation of the surface tension in the melt. The 
surface tension depends strongly on the tempera­ 
ture. Therefore, temperature gradients in melts 
may indirectly contribute to bubble movement 
and, hence, to liquid convection.
Other Methods of Growing Crystals from Heated 
Melts
Attempts have been made to grow crystals in 
the laboratory by slowly dripping crystalline 
melts contained in a tungsten crucible through a 
pinhole opening in one end. However, these 
preliminary experiments have not been very suc­ 
cessful, because as soon as the viscosity 
decreased to the point that the melt started to 
flow through the pinhole, there occurred almost 
immediately a sudden surge of melt. The rapidity 
of the mass transfer prevented orderly single 
crystallization. It may be possible, however, to 
perform such an experiment in a zero-g environ­ 
ment by applying a well-defined pressure force, 
such as provided by a piston on the side of the 
melt, which would squeeze the melt in a con­ 
trolled way out through the hole. Long, single 
crystals could be grown, either in the vertical 
or horizontal direction. It seems, in principle, 
at least, that such a method could work in a 
zero-g environment. However, the feasibility 
must be verified.
Improvement of Crystal Quality by Zone 
Refinement
Crystals are commonly further purified after 
the growth process by "zone refining," in which 
a molten zone, created by an inductive coil, is 
moved slowly through the crystal. The higher 
solubility of the impurities in the liquid zone 
depletes and thus purifies the surrounding crystal 
of contaminants. The temperature of the liquid 
zone must be controlled in such a way that the 
molten zone does not significantly deform or 
collapse under its own weight. Naturally, this 
condition can be somewhat relaxed in the absence 
of gravity. The higher temperature tolerance in 
the liquid zone would suggest a greater solubility 
of impurities in the molten zone and possibly 
higher diffusion rates, hence a more effective 
purification process. It is possible to optimis­ 
tically envision the maintenance of floating zones 
in a large specimen, say of 1-ft diameter.
The expectations regarding the merits of zone 
refining in zero gravity, however, are not in all 
respects favorable. The following arguments may 
even lead to the conclusion^ that in certain 
respects a zero-g environment could turn out to 
be partially detrimental to the process of zone 
refining:
1. Heat conduction in the sample and the 
uncontrollable action of the surface tension could 
cause the molten zone, regardless of the heating
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method used, to assume shapes which would be 
unsuitable for efficient zone melting.
2. Mixing of the molten zone by natural 
convection in normal gravity may accelerate the 
diffusion process and, thus, the separation proc - 
ess in zone refining. Hence, as natural convec­ 
tion is largely absent in a zero-g environment, 
zone refining could become rather inefficient.
Most of these conflicting opinions are resolv­ 
able only by pertinent experiments in orbit.
Crystal Growth from Supersaturated Solutions
The merits of growing solid single crystals 
from a melt or a supersaturated solution in the 
absence of a gravitational field are difficult to 
assess. This process normally requires deposi­ 
tion of matter out of a melt or a solution on a 
seed crystal. The convective circulation, 
density gradients in the liquid, the surface ten­ 
sion and cohesive energy, and the concentration 
of impurities are factors which directly influence 
the growth behavior out of the liquid phase and 
indirectly influence the quality of the crystal.
Caution must be exercised in attempts to 
predict how growth rate, shape, and intrinsic 
properties will be affected at various g-levels, 
especially in a zero-g environment. Experimental 
results are available regarding the behavior of 
crystal growth in the high artificial gravity 
environment of a centrifuge. 13 Some of the 
pertinent experimental observations are discussed 
below because they may be, in part, indicative of 
the phenomena to be expected in a zero-g envi­ 
ronment if properly extrapolated in the "other 
direction. "
Crystal Growth by Centrifugation. When a 
concentrated salt solution is rotated in a centri­ 
fuge, the crystalline matter in solution being 
denser than the solvent tends to concentrate in 
the area which is farthest away from the centri­ 
fuge axis. A concentration gradient establishes 
itself in a nearly saturated solution, a portion 
of the solution becomes supersaturated, and 
localized crystal growth may occur. The prin­ 
cipal advantages of growing crystals by centri- 
fugation are that disturbing impurities, air 
bubbles, and small crystallites are rapidly 
sedimented. They can be removed by permitting 
partial crystallization and decanting the remain­ 
ing solution. Also, growth irregularities caused 
by convection currents are not very troublesome 
because the steady-state density gradient 
re-establishes itself rather rapidly as a result 
of the large artifical buoyancy forces. 12, 13
An interesting, but not necessarily desirable, 
side effect of centrifugation is that most growing 
crystals assume shapes slightly different from 
normal under the action of high-g forces:- mostly, 
the crystals become flatter. This behavior is 
attributed to the tendency to establish a minimum 
energy balance between surface tension and grav­ 
itational forces. A useful criterion to measure 
this phenomenon is the height-to-width ratio 
(H/W) of the equilibrium form of an isotropic 
crystal. It may be calculated according to the 
following equations. ^> 13
H/W - BWW + AVg (2)
B = 1/2 + 232cr * 1/2; A =12 J12 2b)
In Equations 2a and 2b, o"l2,? °"13» ^23 are the 
surface energies per unit area at the crystal- 
solution, crystal-substrate, and solution- 
substrate interfaces, respectively, pj and p^ are 
the densities of the crystal and the solution, 
respectively; g is the artificial gravitational 
acceleration acting on the solution in the centri­ 
fuge and V the volume of the crystal. AVg is a 
very small, negligible quantity at the lower 
g-levels, but its value becomes very significant 
in high-speed centrifuges at g-values of 100,000.
In the "opposite" direction, that is at low-g 
levels or in a zero-g environment, H/W = B; 
therefore, ratio H/W is expected to depend 
primarily on the surface energies o~l3, a~23> and 
o~12- Small g-forces do not noticeably contribute 
to deformations of the crystals.
High-g forces will, however, influence the 
shape of crystals severely. For instance, 
Equation 2 applied to a 1-mm KBr crystal at a 
g-level of 200,000 theoretically yields for the 
H/W ratio a value of 0. 152 instead of 0. 5 in the 
normal 1-g environment. 13
It may be concluded from these experiments 
that a zero-g environment will hardly influence 
the natural H/W ratio in comparison to a 1-g 
environment.
A number of other characteristics of crystals 
grown from solutions which are being exposed to 
different artificial g-environments is more diffi­ 
cult to predict: homogeneity, transparency, 
concentration of impurities and dislocation, 
optical properties such as birefringence, and 
others. A systematic investigation of these 
properties will be required. As a preliminary 
conclusion, for a typical crystal grown from a 
saturated solution it may be guessed that provi­ 
sion of a zero-g environment would most likely 
not improve certain desirable crystalline prop­ 
erties. It could be argued, by extrapolating 
high-g experimental results over 1-g to zero-g, 
that the resulting "non-separation" of impurities, 
bubbles, and spurious seed crystals from the 
solution (resulting from a lack of gravity forces) 
will be, in effect, detrimental and not beneficial. 
However, circumstances may be different because 
of a number of hitherto unpredictable factors. 
Only a full-scale zero-g experiment will permit 
resolution of present uncertainties.
Growth of Diamonds by Deposition of Carbon 
Atoms from Methane on Seed Diamonds
In some instances, the cleanliness of space 
may create an opportunity for space manufactur­ 
ing of crystalline material deposited from the 
vapor phase. One specific case will be discussed 
here: growth of diamond.
Industrial quality diamonds of limited size 
have been produced in industry since 1955 in a 
high-pressure environment (70,000 atm) at 
elevated temperatures. Under high pressure, 
the more densely packed diamond modification of 
carbon atoms is favored over the less densely 
packed graphite lattice structure, and a diamond 
crystal can grow. These industrial diamonds are 
mostly of low quality and small in size.
According to reports from a chemical engi­ 
neering group at Case Western Reserve Univer­ 
sity, and independently from researchers at 
UCLA, the feasibility of growing diamonds from 
gaseous methane on a diamond surface recently 
was experimentally demonstrated. The experi-
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mentors claim that a thin diamond layer has 
been grown in their experiments at very low 
pressures on the surface of large gemstone-size 
diamonds. The group hopes to further substan­ 
tiate their claims and to improve the process and 
finally be able to grow synthetic diamonds of 
high quality from seed crystals to gemstone 
sizes. 14
On theoretical grounds, the possibility of 
diamond synthesis may be feasible in a 
temperature-pressure regime where diamond 
is actually thermodynamically unstable with 
respect to graphite. There is an activation 
barrier which prevents the spontaneous trans­ 
formation of diamond to graphite below 1,300°C. 
The likelihood that the mobile carbon atoms 
attach themselves to the diamond crystal is 
slightly greater than the probability of a buildup 
of ordinary graphite nuclei.
A similar problem is being investigated at 
UCLA under the supervision of Professor 
W. Libby. The long-range goal is, if preliminary 
attempts turn out to be successful, to eventually 
attempt to adapt this method to grow large-scale 
diamonds in space.
Hitherto, three major experimental diffi­ 
culties have been experienced during the past 
2 years since the start of pertinent research at 
UCLA:
1. Obtaining clean surfaces.
2. Maintaining clean surfaces.
3. Producing monatomic carbon.
Attempts of cleaning surfaces by ion bom­ 
bardment were only partially successful. So far, 
local heating by electron guns mostly transformed 
carbon from the diamond modification into unde­ 
sirable graphite. Better cleaning methods have 
to be developed.
During the deposition process, practiced at 
UCLA, methane is passed at 1, 100-1, 300°C over 
natural gem-size diamonds. Methane decomposes 
at 1,000°C into C and H£. Thus far, G£, C^, 
and longer carbon radicals always seem to form 
in company with monatomic carbon, which is the 
only desirable component. The reason for pre­ 
ferring monatomic carbon as the gaseous phase 
is that single carbon atoms can be more easily 
incorporated into the diamond lattice structure 
than longer chains.
The diamond formation on the surface of the 
seed diamond is--if at all verifiable — a very slow 
process and the extensive formation time thus far 
experienced will certainly be a handicap. The 
deposition of a few milligrams of very low-grade 
" diamond-like" substance requires time on the 
order of days. The newly grown "diamonds" 
appear in hard lumps, which are sintered 
together. Depending on the graphite content, 
their visual appearance is gray or black. As a 
long-term speculation, however, the cleanliness 
of space may make in the future a commercial 
exploitation of this process not only feasible but 
also attractive. At the present stage of develop­ 
ment, reliable predictions are premature, 
because it has not been verified beyond doubt 
that the deposited layers are really crystalline 
in nature.
Prospects for Development of New Materials in a 
Zero-g Environment
Occasionally, the opinion has been advanced 
that a zero-g environment could lead to oppor­ 
tunities to manufacture basically new materials 
and compounds. While such a possibility cannot 
be completely ruled out, it seems that chances 
for the formation of hitherto unknown compounds 
by sole virtue of a zero-g environment are rather 
remote. The fundamental reasons are as 
follows.
The processes of crystallization are primar­ 
ily controlled by the combined action of lattice and 
surface energies which have the tendency to 
create an orderly structure: the crystal. These 
forces are opposed by randomized thermal agita­ 
tion and the disturbing influence of impurity atoms 
which tend to upset the state of order. In any 
case, normal gravitational forces are rather 
unimportant in this respect, because their magni­ 
tude is negligible in comparison to intrinsic 
crystalline forces. There is, however, a marked 
influence of gravitation during the process of 
crystal solidification, while the crystal is still in 
a plastic state.
The relative significance of gravitational 
forces can be simply envisaged if the average 
cohesive energy of a molecule in a crystal-- 
interlattice energy--is compared with the poten­ 
tial energy an atomic-size particle can gain in 
the Earth's gravitational field, when moving a 
distance comparable to a lattice dimension. In 
short, the lattice energy in a pure metal crystal 
is on the order of several electron volts, and it 
has been shown in Appendix B that the exhibited 
potential energy of the gravitational field is 
many orders of magnitude smaller. The approx­ 
imate ratio of cohesive forces versus gravita­ 
tional forces is shown for various parameters 
of AT/M in Figure 2. AT = temperature differ­ 
ence between crystal and vaporization tempera­ 
ture; M - molecular weight. A more sophisti­ 
cated model has been deemed superfluous in the 
present "zero-order" analysis.
Attempts have been made at various solid- 
state physics laboratories in recent years to 
grow ferroelectric and ferromagnetic crystals, 
such as barium titanate of relatively high density 
from molten salt fluxes of much lower densities. 
These attempts have not been very successful so
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far in a normal gravity environment because the 
crystals have a tendency to rapidly sink to the 
bottom of the crucible, are subject to damage by 
the walls, or interfere with other crystals. It 
has not been feasible so far to simply suspend 
seed crystals in a melt and completely avoid 
contact with contaminating foreign bodies. 8
A zero-g environment in space may open new 
avenues of experimentation regarding such melt- 
grown crystals. Besides manufacturing of 
crystals, it has been speculated that certain 
glassy materials of great purity could also benefit 
from a zero-g environment.
It must be kept in mind, however, that ini­ 
tially the raw materials must be very carefully 
prepared to avoid bubbles and undesirable trace 
impurities in the melts, because these potential 
contaminants will not be separable in a space 
environment, because of the absence of gravity 
sedimentation.
Conclusions Regarding Crystal Growth and 
Refinement in Zero Gravity
Thermal Convection. Uncontrolled, sporadic 
convection currents in crystal melts, which occur 
in the familiar Czochralsky crystal-growth 
method, and associated temperature fluctuations 
are for the most part gravity-dependent and 
detrimental to perfect crystal growth. Greatly 
reduced convection and elimination of weight and 
thermal stresses in the crystal during the forma­ 
tion process in a zero-g environment could 
improve the quality of crystals. Bubbling of the 
melt should be avoided, because it could cause 
pseudo-convection. Also, movement of bubbles 
by virtue of changing surface tension may cause 
circulation of the melt and its influence should be 
studied.
Other Growth Methods. An alternate method 
of crystal growth that shows little promise in an 
Earthbound laboratory may be effective in a 
zero-g environment: slowly dropping a molten 
material contained in a crucible through a pin- 
hole opening under gentle piston pressure. The 
feasibility, however, has to be verified.
Zone Refining. The process of zone refining 
of single crystals could probably be improved in 
a zero-g environment. (The influence of the lack 
of convection on the effectiveness of zone refining 
is still a controversial subject, and needs further 
investigation.)
Supersaturated Solutions. Crystal growth 
from supersaturated solutions most likely will 
not benefit from a zero-g environment; impurities 
and unwanted seed crystals are not readily sedi- 
mented because of the absence of gravity-induced 
buoyancy forces.
New Crystalline Structures. The possibility 
of forming new compounds and materials in space 
by virtue of zero gravity is probably precluded 
by the predominance of lattice and thermal forces 
in a solid lattice in comparison to gravitational 
forces. But the quality of some crystalline struc­ 
tures of crystals grown out of melts or the purity 
of glasses could be improved in a zero-g 
environment.
Diamond Growth by Vapor Deposition. The 
merits and feasibility of growing diamonds in 
vacuum by carbon deposition on clean seed dia­ 
monds needs to be verified in the laboratory.
Simulation Techniques. A study is required 
of selected laboratory simulation techniques which 
may permit evaluation of crystal growth behavior 
in a zero-g environment. Use of a centrifuge in 
crystal-growth experiments may yield first order 
indications of the behavior of crystalline prop­ 
erties in zero gravity through a cautious 
extrapolation.
MANUFACTURE OF PERFECTLY SHAPED BODIES
It has been suggested that an opportunity 
exists"' l^ for space manufacturing of perfect 
spheres, or possibly hollow ball bearings of 
extremely high spherical symmetry, in a zero-g 
environment. While it is premature to question 
such a possibility in principle, it may be impor - 
tant to point out some of the apparent difficulties 
which would probably have to be overcome. 
Undeniably, the equilibrium configuration of a 
liquid or melt in a zero-g environment is largely 
dominated by surface-tension forces, and per­ 
fectly shaped bodies could be manufactured in 
principle if secondary influences could be suffi­ 
ciently surpressed. However, it may be detabable 
whether apparent disturbances can be eliminated 
to a degree that the created shapes will meet the 
desired extremely close tolerances. In view of 
the heavy emphasis placed on this space- 
manufacturing opportunity, a more detailed 
discussion seems appropriate. Of particular 
importance is a study of such side effects as the 
oscillatory behavior of large liquid masses, the 
configuration which the liquid medium assumes, 
and potential causes of thermal distortion occur­ 
ring during the solidification process. The dis­ 
cussion in this section borrows heavily from 
several experimental studies. -"-^-io
Deformative Relaxation Times of Liquids
A liquid which has not yet attained its equi- 
libruim configuration will oscillate around its 
minimum energy configuration until finally 
dampened by friction. The relaxation times of 
small quantities of some liquids, such as alcohol 
or mercury are sufficiently short (a few seconds) 
to validly simulate zero-g behavior by use of drop 
towers. 16, 17,19
The theory of the kinetic behavior of a liquid 
mass is reasonably well developed, and the 
agreement with experimental data is fair . 1°» 1° 
In spherical containers, for instance, the defor­ 
mation times Ta and T^ of the liquid in two vessels 
of radius Ra and R^ and of kinematic surface 
tensions pa and (3b can be related as follows:
(3)
More meaningful, the modulus of decay TJJ, 
that is the time in which the amplitude of oscilla­ 
tion of a liquid drop of diameter D decays to e~l 
of its original value, is given by the equation!?
D
77 ——— To — T~T\ 
4(n - 1) (Zn +1)





t = relaxation time 
r| = viscosity of the fluid in the globule
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p = mass density of the fluid in the globule
o
n = harmonic order of the oscillation (n = 2 
for the simplest vibratory mode)
AD = measure of the oscillatory amplitude
As an example, for spheres of 10-in. diam, 
the relaxation time can be as large as 1 hour, 
while for a sphere of 100-in. diam, the equilib­ 
rium relaxation will require times of the order of 
weeks. Hence, if one wishes to manufacture 
perfect spheres, the problem and duration of 
oscillations must be carefully considered during 
the process of solidification of the melts. Other­ 
wise, major deviation from the desired shape may 
result. It may be advisable to preshape the raw 
material into spheres, if this does not cause 
storage problems or makes it difficult to effi­ 
ciently heat spherically shaped material to the 
desired temperatures.
Often, as a basic criterion for the velocity of 
the deformation, the deformation rate "V / r\ (which 
has the dimensions of a velocity) is being used. 
V is the surface tension and r\ the viscosity of the 
liquid. While Y/rj is on the order of 0. 5 to 4. 0 x 
104 cm/sec for water and many common molten 
metals, it is much smaller (~1 cm/sec) for engine 
oil. Hence, the equilibrium shape is much more 
swiftly attained in molten metals and water than 
substances similar to engine oil.
Configuration of Liquids in Spherical Tanks
Configurations of wetting and nonwetting 
liquids under a variety of different circumstances 
are shown in Figures 3, 4, 5, and 6. 1° In gen­ 
eral, the following observations have been made 
for wetting and nonwetting liquids in spherical 
tanks:
Any direct contact with a solid wall will cause 
major deviations from sphericity. The assumed 
shape depends on the contact angle, which in turn 
depends on the minimal surface interaction of the 
point of contact of the solid material and the 
liquid. Obviously, in zero gravity, the radius of 
curvature of the free liquid surface remains 
constant between the solid boundaries. 20
The following discussion of experimental 
results regarding the equilibrium configuration of 
liquids in containers will make it quite obvious
that pertinent "free-casting" techniques have to 
be individually conducted according to the partic­ 
ular materials involved. Clear distinction will 
be necessary between "wetting" and "nonwetting" 
liquids or melts, because these behave in dis­ 
tinctly different manners when in contact with 
solid matter.
TOTALLY NON-WETTING LIQUID 
IN PARTIALLY FILLED SPHERICAL TANK
NORMAL-GRAVITY CONFIGURATION ZERO-GRAVITY CONFIGURATION
CONTACT ANGLE « = 180° 
(FROM REFERENCE 16)
Figure 4.
TOTALLY WETTING LIQUID' 
IN PARTIALLY FILLED SPHERICAL TANK
-LIQUID^
NORMAL-GRAVITY CONFIGURATION ZERO-GRAVITY CONFIGURATION
CONTACT ANGLE © = 0° 
(FROM REFERENCE 16)
Figure 5.
LIQUID CONFIGURATIONS IN SPHERICAL TANKS -




NOTE: CONTACT ANGLE DOES NOT CHANGE! (FROM REFERENCE 16)
LIQUID CONFIGURATION IN SPHERICAL CONTAINERS FOR 





NOTE: CONTACT ANGLE REMAINS CONSTANT (FROM REFERENCE 16)
Figure 6.
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Nonwetting Liquids, Such as Mercury. 
Nonwetting liquids exhibit the following 
characteristics:
1. The radius of curvature remains the 
same for any part of the liquid-vapor interface 
in the weightless state. This can be seen from the configuration of Mercury in a 1 -g environment in Figure 3.
2. The contact angle itself is unaffected by a gravity field.
3. An important quantity with regard to the 
equilibrium configuration in spherical tanks is the liquid-to-tank volume ratio. Below 80%, the 
liquid-vapor surface is convex; above approxi­ 
mately 80%, the liquid-vapor surface is concave. Therefore, at approximately 80%, the liquid- 
vapor surface remains flat. The liquid -to-volume ratio is a significant similarity parameter 
regarding the configuration of liquids in solid containers of similar shape.
4. Figure 4 shows the behavior of a totally 
nonwetting liquid in zero gravity. The liquid 
forms a noncontacting sphere in the tank sur­ 
rounded by vapor. Such an arrangement may 
serve in principle as a means for creating spher­ 
ical configurations in space.
Wetting Liquids, Such as Methyl Alcohol, 
Ethyl Alcohol, and Water. Wetting liquids exhibit the following characteristics:
1. The equilibrium configuration for ethyl 
alcohol in partially filled spherical glass tanks is 
a completely wetted tank surface with a vapor 
bubble in the interior of the liquid. This is shown in Figure 5. Partially wetting liquids behave as 
indicated in Figure 6. (This case may serve as 
an example to illustrate manufacturing of hollow 
spheres.)
2. The time required to totally wet the sur­ face of a container depends on the ratio of liquid 
density to surface tension. A calculation shows 
that it is directly proportional to the square root 
of density to surface tension. 17
Manufacture of Specifically Shaped Bodies, Such 
'as Spheres, in a Zero-g Environment
It is difficult in a normal-g environment to 
effectively manufacture perfectly spherical bodies because of the oblating effect of gravity on matter 
while it is in the non-solid state. It seems 
obvious that the influence of the gravitational 
field increases with the larger masses. Large 
liquid masses simply will break up under their 
own weight. The influence of gravity on the shape of a spherical deformable body can be illustrated 
by the following simple analysis.
Assume that a small spherical droplet of 
density p and radius r is resting on a solid sur­ 
face in a normal-g environment. If more liquid 
is added to the droplet, the surface energy, £3, will increase by dEg = YdA = SYrdr, and the 
potential energy, dEg, of the center of gravity 
through upward displacement by dr to
Solving Equation 5 for the radius yields
dE . dr * 4/3ir r~ dr






dE " 2 g r . p
(5)
For a given molten material or liquid, the 
deviation from sphericity approximately increases with the square of the diameter and is inversely 
proportional to the square root of the level of 
acceleration to which the deformable mass is 
subjected. In practice, a space manufacturing 
module in an Earth orbit will be subject to 
drag forces which will result in a deceleration on the order of 10~6 - 10~13 g. For the creation of 
perfect spheres, it will be necessary to compen­ 
sate for. this natural deceleration by a low-thrust 
propulsibn system. Otherwise a slight deviation 
from sphericity will result.
It may be noted as a matter of historical 
curiosity that the process of zero-g manufacturing 
of small spherical objects has been practically 
applied for many years to create small metal 
spheres from hot metal melts by "free fall cast­ 
ing" from drop towers. Naturally, this old 
method cannot be used to manufacture large 
spherical objects of close tolerances.
If the demand for near-perfect spheres could 
justify the high expense, undoubtedly spherical 
configurations could be, in principle, manufac­ 
tured in a zero-g environment. Rotating deform­ 
able minimum-surface-energy bodies would allow 
the creation of rotational elipses of specified 
shapes. Naturally, great care would have to be 
exercised so that no significant mechanical oscil­ 
lations were induced while handling the melt and 
that no other disturbances were "frozen" into the 
solidifying product, while the mass spun around 
its rotational axis. Another technical problem 
would be the successful separation of the required mechanical support device from the melt and the 
control of non-uniformities in the angular velocity 
exhibited by different points of the melt. Also, 
mutual mass attraction of the space facility and 
the melt might be a cause of distortions.
A special situation would be the production of 
hollow spheres. Some recent studies seem to 
indicate a need, e. g. , for hollow ball bear­ 
ings. 8, 15 Manufacturing of such hardware items 
would appear to be basically feasible in a zero-g 
environment.
It may be, however, necessary to insert 
another word of caution at this point regarding the 
feasibility to attain perfect shapes in a zero-g 
environment:
1. The formation process will naturally take 
place in the liquid state; the finished product, 
however, is only useful in the solid state. The 
transition requires cooling, mostly by radiative 
dissipation of heat. The cooling process will 
induce thermal stresses into the material which 
could lead to additional deformations, if the proc­ 
ess is not carefully controlled.
2. Non-uniformity in the surface tension of 
the liquid matter may cause surface irregularities 
and uneveness within the solidifying material.
It can only be hoped that these potentially 
detrimental phenomena can be sufficiently kept 
under control.
Figure 7 indicates the dependence of the ratio 
Eg/Eg on the radius for a variety of materials in 
the liquid state in a normal-g environment.
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"Y/pg, the ratio of surface tension to "specific 
weight, " is a useful parameter which crudely 
characterizes the configuration of a liquid when 
exposed to natural or artificial accelerations. 
For small spheres, the surface tension energy 
dominates over the gravitational energy; thus, 
deviations from sphericity are small. For 
spheres larger than, say, 1 cm the gravity force 
is the dominating parameter.
Conclusions Regarding Manufacture of Perfect 
Shapes
Configuration in a Gravitational Field. The 
gravitational field and the surface tension are the 
most important parameters influencing the equi­ 
librium configuration of large masses of liquids 
or melts, and space could be, in principle, a 
good medium to cast perfect spherical bodies. A 
variety of secondary effects, however, has to be 
carefully studied if there is to be any hopes of 
achieving precision spheres.
Oscillations in Liquids. Oscillations around 
the equilibrium configuration may constitute a 
majo-*- source of disturbance in efficient free 
casting in space, because the oscillatory relaxa­ 
tion times for larger spherical bodies (of the 
order of 100 -cm diam) could amount to days or 
w e ek s .
Configurations of Liquids in Null Gravity. 
The configuration of liquids in containers depends 
on the contact angle between the liquid and solid 
surfaces, which remains a constant. The liquid 
surface in zero gravity exhibits a constant radius 
of curvature. The contact angle depends on the 
properties of both the liquid and the wetted solid. 
Each material will require specific technical 
considerations.
Gravitational Attraction. Gravitational 
attraction by massive bodies in the vicinity may 
slightly disfigure the shape of the "perfect" body, 
even in orbit.
Thermal Stresses and Non-uniform Surface 
Tension. During the solidification period, it will 
be important to avoid buildup of thermal stresses 
in the solidifying matter and to control material 
distortions resulting from non-uniformities in 
the surface tension. These two phenomena could 
cause more distortions of the equilibrium shape.
PREPARATION OF HOMOGENEOUS MIXTURES,
SUSPENSIONS, OR FOAM MATERIAL
IN ZERO-GRAVITY
Gases in Gravitational Fields
The influence of gravitational fields with 
regard to the change of density as a function of 
altitude is, of course, well understood from 
studies of the atmosphere of the Earth and other 
planets. A useful quantity in elementary atmos­ 
pheric calculations is the scale height Hi = kT/mg 
which defines the altitude where the average den­ 
sity has dropped to 1/e of the zero altitude value. 
By employing such a scale height concept, the 
well-known barometric height equation can be 
written as function of altitude, h, in the following 
form:
Ph h /— = -~ = exp(- mgh\ (7)
Assume that in a column of gaseous material 
(for an unspecified purpose) a certain homogeneity 
requirement exists which stipulates that the 
density tolerance should not exceed a specified 
fractional number, say Ap/po < a, over the 
length, h. This may be written as
p - p 
AP = ^o___ = 1 - p/pQ = 1 - e
-h/H
For
p/p « 1, log (1 - p/p ) * -Ap/p = -h/H
(8)
(9)
Hence, Equation 9 permits determination of 
the length, h, of a gas column in, which the homo­ 
geneity requirement, (p - p)/p < a, is still 
fulfilled: ° °
h = -H Ap/p (10)
Configuration Criteria. An important simi­ 
larity parameter regarding the surface shape of 
a specific liquid in a spherical container in zero 
gravity is the ratio of liquid volume to total vol­ 
ume. The most suitable shape of the liquid con­ 
tainer for use in a zero~g environment has to be 
specifically determined in order to achieve indi­ 
vidual objectives. In some cases, internal sur­ 
face coating with nonwetting materials may help 
to retain the liquid in the container, simply 
because of a more favorable contact angle.
Behavior of Totally Wetting Liquids. A 
totally wetting liquid that partially fills a spheri­ 
cal container encloses a spherical vapor bubble 
of the size of the unfilled volume. Totally wet­ 
ting liquids have to be kept in sealed containers.
For instance, if the homogeneity requirement 
in air under the action of gravity stipulates a 
homogeneity of better than one part in 103, the 
height of the column according to Equation 10 
should not exceed 7. 5 m. More stringent homo­ 
geneity requirements would naturally further 
reduce the length of the respective column. 
Homogeneity in density, therefore, in a column of 
a one-species gas could be markedly improved in 
a gravitation-free environment by virtue of an 
"infinite" scale height, H|. The discussed gase­ 
ous system would naturally be of little practical 
value. This model would, however, be useful to 
analyze matters of more practical importance: 
manufacture of solid homogeneO'Us suspensions of 
materials of different densities in each other. 
This will be explained in the following paragraph.
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Suspension of Solid Particles in a Liquid Medium order of the thickness of one-particle layer.
If colloidal particles of zero electrical charge 
are suspended in a liquid, a characteristic distri­ 
bution of the number density as a function of 
height takes place. The Brownian movement 
tends to distribute the suspended particles 
equally--in the steady state--over the container 
volume, while counteracting gravity forces tend 
to sediment the heavy particles on the bottom.
.The number of particles, nj, at height hj is 




-mg (p - pj) N . (h 1 - h2 ;
(H)
('-•2-K-y]
where p and p^ are the particle and liquid densi­ 
ties respectively, N is Avogadros number, and 
the other terms have their usual meaning.
The equivalent scale height H. is
H. =. 
i mg P-Pt (12)
The parameters in this relation are, in prin­ 
ciple, the same as those used for the scale height 
in a gas, except for the buoyancy correction 
factorp|/(p - p^). The mass, m, of a suspended^ 
particle may, however, be many orders of mag­ 
nitude larger than that of single gas molecules; 
therefore, the scale height in the suspension is 
largely reduced, from kilometers in case of 
gases to the order of centimeters or much less in 
liquid suspensions. That is, the particle density 
gradient resulting from the gravitational field 
is very steep. It is easy to see that in this case, 
gravitation is a force of dominating importance.
By use of Equation 12 and for m = 4/3r^Trp, 
the following equation is obtained:
o (p - Pj) 
r - ——=-*- ' h (13)
Equation 1Z contains four variables: the par­ 
ticle radius, r; its density, p; the density of the 
liquid, p^; and the temperature, T.
It is quite obvious that the term r3 (p - p^)/T 
can vary widely as a result of the r3 dependence, 
the linear density, and the inversely linear tem­ 
perature dependence. It is of interest to calculate 
the order of magnitude of the scale height for two 
extreme cases representative for particle sus­ 
pension. For r = 1C)- 7 cm, p = 1. 1 g/cm3; 
pjg = 1.0 g/cm3 ; and T = 1,000°K, a scale height 
Hi of 3. 3 x 105 cm is obtained, which would be of 
the same order of magnitude as the scale height 
of the gas atmosphere. If, however, values for 
r = 10-2 cm; p = 20 g/cm3 ; p^ = 1 g/cm3; and 
T = 300°K are inserted, for a normal gravity 
environment, the following is obtained:
H. = 5. 35 x 10" 13 cm i
Such a result is, of course, meaningless 
because the scale height must be at least on the
Therefore, assuming H^ (Min) = Zr, the fol­ 
lowing is obtained as a "critical" particle radius 
for establishing a suspension of neutral particles 
in a normal gravitational field:
r .. = 1. 063 crit 10
-5 / T \ ————
\ P 'Pi/
(14)
For T = 1,000°K; p = 1. 1 g/cm3 ; and p^ = 
1 g/cm3; r .. ~ 10~4 cm is obtained.
In another typical case, where T = 300°K; 
p = Z g/cm3; and p * = 1 g/cm3 r ^ « ZxlO~5 cm 
is obtained.
From this consideration, it is concluded that 
it is not feasible in equilibrium to maintain a 
suspension of electrically neutral, solid particles 
(p ^ p^) in the presence of normal gravity, if the 
particle diameter exceeds 10-4 _ 10-5 crrij 
because of sedimentation. However, the "almost" 
homogenous suspension of very small colloidal 
particles (of less than 10-6-cm diam) in a 
normal-g environment by means of natural sedi­ 
mentation is not a major problem as long as the 
container height is not excessive. Hence, if it is 
desired to achieve homogenous distributions of 
particles of high density and diameters larger 
than 10~5 cm suspended in a melt of a lighter 
material, provision of a zero-g environment may 
be essential. By the same token, a variety of 
foamy materials, such as metal sponges, may be 
manufactured only in a zero-g environment, 
because the heavy material will otherwise sediment 
immediately.
In practice, a variety of manufacturing proc­ 
esses could be envisioned in which the homoge­ 
nous embedding of particles of various densities 
and sizes into a medium of different density, such 
as molten plastic would yield very homogenous 
particle distributions which could not be other­ 
wise achieved in a normal-g environment. The 
following product groups^ may be potential candi­ 
dates for space manufacturing:
1. High-altitude radiation shielding for air­ 
craft electronics, made by imbedding high-density 
metal particles in a plastic matrix.
Z. Nuclear and thermal heterogenous 
shielding structure, made by suspending certain 
compounds in a non-metal matrix.
3. Complex high-strength fittings, high- 
temperature structures, high-strength brazing 
alloys or cermets made by dispersion of high- 
strength materials and fibers in a suitable metal 
matrix (composite casting).
In Figure 8, the characteristic length (in 
which a specified homogeneity requirement is 
still fulfilled) is plotted for a normal gravitation 
environment against the homogeneity requirement 
as a function of particle density, p; melt density, 
Pjj; temperature, T; and particle radius, r. The 
constraints are very severe. In space, the 
equivalent capability is almost unlimited.
Relaxation Time of Solid Particles in a Liquid to 
Achieve Homogeneity
Small solid particles, even in a nonconvecting 
liquid, will be subject to Brownian motion, which 
makes the particles diffuse at random through the
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HOMOGENEITY REQUIREMENT A010F PARTICLE
SUSPENSIONS VS. CHARACTERISTIC LENGTH
IN NORMAL-GRAVITY
CHARACTERISTIC LENGTH, h
r .= PARTICLE RADIUS (cm) P= PARTICLE DENSITY (g cm'3) 
| = FLUID DENSITY (gcm'3) T= TEMPERATURE (°K)
Figure 8.
liquids. After a certain relaxation time, T, the 
particle distribution will reach a steady state and 
be fairly uniform, unless a superimposed grav­ 
itational field establishes a vertical density gra­ 
dient. The steady-state density distribution in a 
gravitational field has been discussed in Equa­ 
tion 11. In a zero-g environment, the particles 
will slowly diffuse at random and finally occupy 
the total volume of the liquid. It is of importance 
to estimate how the initial state of particle dis­ 
tribution will influence the relaxation time 
required to reach the final steady-state distribu­ 
tion. It is quite obvious that the more uniformly 
the particles are initially distributed, the sooner 
the equilibrium state of equal distribution will be 
reached.
In an effort to estimate the average "equal 
distribution" relaxation time, let us consider the 
well-known formula by Einstein regarding the 
Brownian motion which relates_the mean square 
of the random migration path X^ to other typical 
characteristics of jthe suspension. If T is the 





r = particle radius 
r\ = viscosity of liquid 
k = Boltzmanr^ constant 
T - absolute temperature
X can be identified, e. g. , as the average 
distance between centers of inhomogeneity, and 
its magnitude depends mainly on the premixing 
condition; T is a crude estimate of time necessary 
to reach the steady state.
A few examples of characteristic relaxation 
times follow. If centers of nonhomogeneities are 
on the average, e. g. 10 cm apart, it may take 
approximately 3 years to obtain a steady-state 
distribution in a convectionless liquid of viscosity 
r| = 10~2 poise (water or liquid metal) and a par­ 
ticle radius of 10~6 cm. If the inhomogeneities 
are, however, on the average 1 cm apart, the
relaxation time would be reduced to 10 days. If 
the average distance between the particles 
approaches the particle diameter, thus X » 2r, 
the following is obtained from Equation 15:
(16)
The average time it takes the particles to 
exchange their position shrinks to the order of 
10-4
These crude estimates indicate that intensive 
premixing of the suspended particles in the melt 
or liquid will be required if the steady-state 
(homogeneous) distribution is to be attained within 
an realistic time span.
Conclusions Regarding Preparation of Homogene­ 
ous Mistures and Suspensions in Zero Gravity
In a normal-g environment, particles larger 
than approximately 10 -5 to 10 "4 cm cannot be 
homogeneously suspended in steady state in a 
liquid melt without counteracting fields. Homoge­ 
neous imbedding of heavy particles in a melt, 
matrix of a material of different density, followed 
by freezing, may constitute an important and ver­ 
satile capability of space manufacturing. Several 
potential applications of these techniques have 
already been suggested. In order to avoid exces­ 
sive relaxation times to homogeneity, careful 
premixing would be required.
ULTRA-PURIFICATION OF MATERIALS 
IN SPACE
Discussion of Experimental Findings
In many manufacturing processes, undesir­ 
able impurity trace elements and/or gaseous 
contaminants are widespread and difficult to 
eliminate. Quite often, the material has to be 
accepted in a rather impure condition because no 
efficient methods are known for further refine­ 
ment, and the properties of the contaminated 
material are falsely assumed to be very similar 
to those of the pure material. It has been shown, 
however, that some material properties of metals, 
such as strength and ductility, undergo dramatic 
changes when they are manufactured in the 
ultraclean state. For example, "whiskers" (very 
clean metal single crystals) show great strength 
in comparison to "commercially pure" specimens 
of the same base metals. The discovery of 
ductile tungsten, for example, resulted from a 
careful elimination of oxygen and other trace 
elements. While ordinary beryllium is very 
brittle, it is believed that this metal in an 
ultrapure state exhibits reasonable ductility. 
This would greatly increase its utility because it 
would permit use of simplified forming techniques.
Some metals contain impurities that are 
hard to extract even by applying very sophisti­ 
cated processes. "Pure" iron, for example, 
mostly retains residual carbon which easily 
diffuses back into the hot metal from the contami­ 
nated environment after refinement. The critical 
level of impurities, at which some sensitive 
properties, such as hardness and ductility, 
change radically, is sometimes a fraction of one 
part in a million.
It may be concluded from these random 
examples that an economical method of ultra-
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refinement in space could revolutionize some of 
the cumbersome conventional forming techniques 
of exotic metals or other materials.
In reactor technology, it is well known that 
certain impurities in stainless steel core struc­ 
tures, for example cobalt, act as centers of 
local radioactive "hot spots" that in time cause 
embrittlement of the surrounding material. 
Because of a high thermal-diffusion rate, the 
chance of a spread of contamination is most 
severe while the ingot is at elevated temperatures.
The problem of contact contamination has 
been overcome in some ingot specimens by 
avoiding contact with mechanical support elements 
through levitation techniques, a process in which 
the clean specimen "floats" in a superimposed 
magnetic field without mechanical support. This 
method is, however, successful only with 
relatively small ingots of metal, mainly because 
of the enormous magnetic fields required.
The costs of creating ultraclean conditions 
on Earth as a means to obtain ultraclean products 
are, in principle, very high. Even high incre­ 
mental expenditures would scarcely improve the 
vacuum environment and the cleanliness condi­ 
tion enough to warrant the mounting costs. 
Therefore, if purity requirements continue to 
become more stringent for some materials 
the space environment may in due time become 
an attractive and even cost-effective alternative 
to the Earth-bound manufacturing laboratory.
A hard vacuum combined with elevated 
temperature also affects weight, size, and 
density of oxides of various refractory metals, 
such as beryllium magnesium, zirconium, and 
thorium isotopes. ^ Noticable changes in 
density occur. In the case of beryllium oxide, 
for instance, the density changes from 1. 3 g/cm 
atl,000°Cto approximately 2. 8 g/cm3 at 2, 000°C. 
It is difficult to predict whether such property 
changes will lead to new ceramic materials of 
interest for industrial use.
Conclusions Regarding Ultrapurification of 
Materials in a Vacuum
Certain properties, such as ductility, change 
drastically in some refractory materials when 
they are refined from an averagely pure to an 
ultrapure state. The necessary standards of 
cleanliness in an Earthbound laboratory are hard 
to achieve and even harder to preserve, if large 
specimens of metals are to be refined. Space 
may turn out to be an ideal medium for ultra- 
refinement of such exotic materials. Certain 
ultrapure metals may be easy to form in space 
because of their high ductility.
GENERAL CONCLUSIONS
In brief, the conclusions from the study effort 
reported in this paper are as follows:
1. In melt-grown crystals at normal-gravity 
turbulent convection currents, which are gravity- 
dependent and associated temperature fluctuations 
are a major hindrance to high-quality crystal 
growth. Even in a zero-gravity environment, _. 
however, convection may not disappear entirely 
because of the influence of moving bubbles. Spe­ 
cial precautionary measures have to be taken to 
eliminate potential sources of imperfections. The 
technique of zone refining for large single crystals 
may be expected to work well in space. The
merits of applying other methods of growing crys­ 
tals in space remain inconclusive before actual 
space experiments can be performed.
2. The opportunity of manufacturing per­ 
fectly shaped bodies of minimum energy surfaces 
in space must be studied in greater detail. It may 
be difficult to take full advantage of such tech­ 
niques without a variety of special precautionary 
measures. Minor irregularities in the configura­ 
tion may be caused by internal motion of the 
liquid, buildup of thermal stresses during the 
cooldown phase, nonuniformities in surface ten­ 
sion and viscosity while relaxing to the new shape, 
fluctuating spacecraft accelerations, and others.
3. It can be shown from analytical models 
of particle suspensions that, in space, a high 
degree of homogeneity may be obtained for heavy 
particles in a melt, provided the suspended mate­ 
rial is properly premixed. For the larger 
particle sizes, however, even small g-forces 
may disturb the achievable homogeneity signifi­ 
cantly. The dimensions of the particles exert 
the greatest influence on homogeneity (in the 
presence of g-forces) and to a lesser degree the 
density difference between liquid and solid parti­ 
cles and the temperature has to be considered. 
The use of "composite casting, " among other 
methods, has been suggested for high-strength 
fittings and for nuclear and radiation shields.
4. The ultraclean space environment could be 
useful for refining certain refractories and their 
oxides. This conclusion is supported by laboratory 
studies regarding the behavior of refractories in a 
hard vacuum. It may be worthwhile to check the 
feasibility and effectiveness of refining high-purity 
refractories in a space environment.
5. From a cost-effectiveness point of view, 
space manufacturing techniques could be applied at 
the present time only to products which are feasible 
only in space. However, with further progress in 
space technology, it may even be possible to com­ 
pete economically with difficult Earthbound manu­ 
facturing techniques, provided that the cost of space 
delivery and recovery can be reduced to acceptable 
levels.
APPENDIX A
INTERNAL MOTION OF HEATED LIQUIDS OR 
MELTS IN ZERO-G
In the consideration of crystal growth in a 
convection-free environment, it might be assumed 
that natural convection will occur only in the 
presence of a gravity field, and results from a 
buoyancy force acting on the hotter, less dense 
portion of the liquid. Buoyancy is, however, not 
the only internal force at work in a heated liquid. 
At higher temperatures, where bubbles form 
from vapor of impurity materials and the heated 
melt, other forces may cause sporadic convec­ 
tion. "Bubbling forces" which may be partially 
active even in a zero-g environment could keep 
the melt in circulation and are discussed briefly 
below. The basic arguments^" of this discussion 
describe experiments that investigate boiling in 
liquids in a zero-g environment created by use of 
a 100-ft drop tower. Also only alcohol, water, 
and mercury were used as liquids in these experi­ 
ments and the observation times in the weightless 
condition were limited to less than 3 sec. It still is 
believed that a certain similarity exists which 
may be, in principle, indicative of the behavior of
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melts of solids at elevated temperatures in a 
zero-g environment.
Some of the significant forces which have 
been identified as acting in boiling aqueous 
solutions and bubbling melts of solids are 
buoyancy, surface tension, pressure, drag, and 
dynamic forces.
Buoyancy Forces
The. difference between the external hydro­ 
static pressure, force on the top surface of an 
object submerged in a liquid and the external 
hydrostatic pressure force on its bottom surface 
causes buoyancy. The magnitude of the buoyancy 
force, F.^, is defined as
where
B'
= (V - VB ). g/g r (A-l)
vhere
V-p, = bubble volume directly over the bubble 
base which is attached to the wall 
surface (cm^)
V = total bubble volume (cm ) 
p. = density of the liquid (g/cm )
g = acceleration due to gravity cm sec
g = gravitational constant (g-mass/g-force). 
C (cm sec' 2 )
Surface-Tension Forces
These forces are generated at the boundary 
of a liquid and an adjacent substance, such as a 
vapor or a solid. Only the vertical component, 
F , of this force has significance, while the 
horizontal component is cancelled out:
F = TT . d, sin ((5 (A-Z)
where
R = radius of curvature of the liquid- gas 
bubble interface
cr = surface tension of the liquid with sat , , , , , ^regards to saturated vapor
Drag Forces
A detached bubble moving through a liquid is
subject to a drag force, F_., which can be
expressed-"- as
^ D = 12 V
(A-4)
cr - surface tension s
IJL = viscosity of the liquid; R = maximum 
bubble diameter
V = bubble velocity 
Dynamic Forces
A growing bubble in a liquid or melt dis­ 
places an equivalent amount of matter and 
transfers a momentum to the displaced liquid 
which is subsequently consumed by friction. It 
is rather difficult to give a clear analytical 
description of this force, but its magnitude can 
be quite significant for fast-growing bubbles. 
This force is independent of gravity and causes a 
pseudo-convection of the liquid or melt.
Experiments have been performed from drop 
towers to show the "force history" of bubbles in 
water in a zero-g environment, 1° (This force 
history can be compared to the equivalent condi­ 
tions in a 1-g environment. ) As expected, at a 
low-subcooling, normal-gravity condition, the 
gravity-dependent buoyancy force considerably 
influences the motion of the bubbles. Therefore, 
at a comparable rate of subcooling in zero-g, the 
dynamics of the bubbles would be altered because 
of the absence of a buoyant force. Accordingly, 
in the experiments, the formal and zero-g force 
histories proved to be significantly different. The 
bubbles still separated, however, from the surface 
in free fall because of an expected increase in the 
dynamic force. Therefore, bubbling should be 
avoided in crystal melts as a source of pseudo- 
convection.
= base diameter of the bubble
cj> = contact angle
In addition, bubbles move in a liquid medium 
of changing surface tension. A change in surface 
tension may be induced by a temperature gradient 
in the liquid matter.
Pressure Forces
In a bubble is completely surrounded by a 
liquid, the pressure force is completely balanced 
by the surface tension. When the bubble is, how­ 
ever, attached to a surface, the net internal 
pressure force acting on the spherical surface 
area of diameter d, directly over the base is 
unbalanced:
APPENDIX B
ESTIMATE OF THE RATIO OF COHESIVE FORCES IN 
CRYSTALS VERSUS GRAVITATIONAL FORCES
In an effort to estimate the average cohesive 
energy of an ion in a "non-pure" crystal (which 
differs markedly from the ideal lattice energy), 
it may be reasonable to take the value of the 
surface energy, \, that is necessary to create 
1 cm^ of new surface and then divide this 
quantity into the number of particles in this 
surface area, n^/3. This is an estimate of the 
average surface energy per article.
n = number of atoms/cm
n = number of atoms/ cm in the surface 3
FP = 2
TT sat




p = density gm/cm 
M = atomic weight of substance
Y = surface energy erg/cm







1. 6 x 10 -12
[eV]
(B-l)
This crude calculation yields the following 






0. 425 eV/particle 
0. 35 eV/particle 
0, 1 eV/p article 
0, 3 eV/particle
Values for the ideal cohesive energy reported 
in the literature^ yield 4, 36 eV for pure iron
and 3, 5 eV for pure copper, on the average one
order of magnitude larger than the energies in an 
impure lattice,
One arrives at surprizingly similar results
(within 20%) of the above estimate if one assumes 
that each lattice ion exhibits on the average a 
thermal energy of 3/2 kT and that at the vaporiz­ 
ation point of the substance Tv the thermal energy 
approximately equals the cohesive energy,, Thus,
V (N)
-2/3
3/2k(T f -T) (B-2)
where
T = vaporization temperature (°K)
Y = surface tension (dyne/cm)
N = Avogadro's number
k = Boltzman's constant (erg/°K)
Equation B-2 provides a rough estimate of
the temperature dependence of the cohesive 
energy. The surface tension diminishes to very 
small values near the vaporization temperature
T , v
The average cohesive energy of the metal 
lattice will now be compared to the gravitational 
energy. The movement of a particle of mass m 
in the lattice will be limited to about one Latticeo
distance, which will be less than. 5 x 10~° cm. 
There£orei the gain in potential energy of an ion 
of atomic weight, say 100, .will be; limited to 
m.g.d**10~ 4-'k erg — 5 x 10'"" eV. In comparison* 
the average thermal excitation energy at 1, 000°K 
amounts to 1. 3 x 10~1 e V, 14 orders of magnitude 
larger. The conclusion is that gravity forces 
normally do not exert any substantial influence on 
th e i nt r I. n s i c s t rue tu r e of c r y s t a 1 s b e c au s e t h e 
ratio
3/2k (T - T) 3 /2k-AT (B-3)
is a very small quantity in comparison to the 
lattice binding energy, provided the temperature 
of the material is well below the boiling point, 
and the material is still in a ductile or solid 
state. This simple consideration, of course, 
breaks down near the boiling temperature itself, 
but gains new significance in a qualitative sense 
above the boiling point, where the matter is 
naturally in the vapor state. The "qualitative" 
similarity of Equation B-3 above the boiling
point, 3/71? A np with the exponent of the baro­ 
metric height relation °, is obvious. (See
rC JL
Equation 7 of main text.) This comparison may 
help (at least qualitatively) to build a rather
shaky bridge from the relative influence of 
gravitation in a solid to that of matter in the
gaseous state.
REFERENCES
1. L. A. Nelson. The Space Environment.
Douglas Paper No. 4904, March 1968, pre­ 
sented to IES 14th Annual Technical Meeting, 
St. Louis, Missouri.
2. R. J. Gunkel and W. H. Siegfried. Financial, 
Commercial, and Technical Aspects of the 
Suborbital, Arc -orbital, and Jet -orbital
Transport. Douglas Paper No. 4668, pre­ 
sented to XV International Congress of 
Communications, Genoa, Italy, 12-15 
October 1967.
3. J, R. Renders on and D. Johnson. Melt
Growth of Crystals in Zero-g Environment. 
Private communication.
4.. W. R, Wilcox and L. D. Fullmer. Turbulent 
.Free Convection in Czochralsky Crystal 
Growth. Journal of Applied Physics, Vol., 36, 
No. 7, July 1965, pages 2201-2206.
5. K. J a now sky and H. Conrad. Flaws in Ruby 
La s e r C r y s tal s , Ae r o s pac e Co r po ratio n. 
Report No. ATN-64(9236)-10f February 1964.,
6. M., N. Ploster andO. H. Nestor. Czochralski 
Rubi. Union Carbide Corporation - Linde 
Division U. S. Semiannual Technical Summary 
Report, January-June 1965, Department of 
C O' mm e r c e , AD - 6 .
?,, D. T. J. Hurle. Thermo-Hydrodynamic 
Oscillations in Liquid Metals: The Cause of
Impurity Striations in Melt-Grown Crystals. 
Proceedings of an International Conference
on Crystal Growth, Boston, 20-24 June 1966,, 
pages' 659-663,
8. Manufacturing Technology Unique to Zero- 
Gravity Environment. G. C. Marshall 
Sp ac e F1 li g ht C e: nt e r, H unt s vi 11 e , Alab a m a. 
l'November 1968,
9. T. M. Cochran and. J. C. Aydelott. Effects
of Fluid. Properties and Gravity Level on 
Boiling in the Discrete Bubble Region. NASA
Technical Note TN D-4070, August 1967,
10. T. H. Cochran, J. C, AydeLott, and C. M. 
Spuckl e r. Expe rim e ntal Inve s tigation of
11-28
Nucleate Boiling Bubble Dynamics in Normal 
and Zero Gravities. NASA Technical Note 
TN D-4301, February 1961.
11. T. H. Cochran and J. C. Aydelott. Effects 
of Subcooling and Gravity Level on Boiling 
in the Discrete Bubble Region. NASA 
Technical Note TN D-3449, September 1966.
12. P. J. Schlichta. Possible Crystallization
Experiments for Manned Satellite Laboratory. 
Private communication.
13. P. J. Schlichta and R. E. Knox. Growth of 
Crystals by Centrifugation. Douglas 
Advanced Research Laboratories (Prelimi­ 
nary Report).
14. G. C. Angus, H. A. Will, and W. S. Stanko. 
Growth of Diamond Seed Crystals by Vapor 
Deposition. Journal of Applied Physics, 
Vol. 39, No. 6, May 1968, pages 2915-2922.
15. H. Wuenscher. NASA Marshall Space 
Flight Center, Huntsville, Alabama, 
Private communication.
16. D. A. Petrash, R. F. Zappa, and E. W. 
Otto. Experimental Study of the Effects of 
Weightlessness on the Configuration of
Mercury and Alcohol in Spherical Tanks, 
NASA TD D-1197, April 1962.
17. Howard L. Paynter, Time for a Totally 
Wetting Liquid to Deform a Gravity - 
Dominated to a Nulled-Gravity Equilibrium 
State. AIAA Journal, Vol. 2, No. 9, 
September 1964, pages 1627-1630.
18. J. L. Hansen. Liquid Behavior Scaling. 
General Dynamics Zero-G Report, 
7 May 1962.
19. E. T. Benedikt. General Behavior of a
Liquid in a Zero-G or Near Zero-G 
Environment. Nor air Division, Northrop 
Corporation Report ASRL TM-60-10, 
September I960.
20. Li, Tao. Liquid Behavior in a Zero-G
Field. Report 60-0682, Convair-Astronautics,. 
August, 1960.
21. P. D. Johnson, Behavior of Refractory
Oxides and Metals, Alone and in Combination, 
in Vacuo at High Temperatures. Journal of 
the American Ceramic Society, Vol. 33, 
No. 5, I960, pages 168-171.
11-29
